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RESE3TANCEOFSJXCASTHIGH—~ ALLOYS

TOORACKINGCAUSEDBYTHXRMALSHOOK

ByM.J.Whilman,R.W.Hall,andC.Yaker

ImMARY

Aninvestigationwaaundertakento
resistanceofsixcasthigh-temperature

determine
alloysto

therelative
crackingcaused

bythermalshook.Thethermal-shockemal.uatfonunitutilizda
controlledwaterquenchofthesymmetricaledgeofa uniformly
heated,modifiedwedge-shapedspecimen.Thespecimenswereheated
ata uniformtemperatureof1750°F for1hourandwaterquenched
at45°F. Thiscyclewasrepeateduntilthermal-shockfailme
occurred, Theorderofdecreasingresistancetothermal-shock
crackingofthealloyswasS-816,S-590,Vitallium,422-19,X-40,
andStellite6.

Theheating-and-quenchingcycleproducedelongationofthe
quenchededge.Measurementsofthesedeformationsweremadeduring
thecyclictests.Thetotalelongationofthequenchededgeat
failurewasfoundtoincreasewiththeresistanceofthematerial
tothermalshock.b thisinvestIgation,materialshavingshLLar
thermalproperties,suchescoefficientoflineerexpeasion,con-
ductivity,andspecificheat,wereshowntohavewidelydiffering
resistsncestothermalshock.Metallurgicalexaminationofthe
alloystructureandstudyofthenatureofcrackpropagation
yieldednocorrelationbetweenstructuralcharact~isticsand
resistancetocrackingcausedbythermalshock.

Ananalysisofthemannerinwhichthethermal-~hockcrack
formedandprogressedintothespecimenandanexaminationof
availabledataonthenotchimpactstrengthofcasthigh-temperature
allogsindicatedthattheremightbea relationbetweennotch
impactstrengthti resistancetocrackingcausedbythermalshock.

.
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INTRODUCTION

.

TheoperatingconditionsofaircraftgasturbipessubJect
certaincomponentstolargeandsuddentemperaturegradients,which
resultinthermalstressesthatare,insomecases,eithera prime
orcontributingcauseofcomponentfailure.Foremmple,ges-
turbinebladesaresubjectedtothermalstresseswhentheengine
issts&ted,accelerated,decelerated,orstopped.Rapidcooling
oftheturbine-bladeedgesduringdecelerationandstoppingcauses
contractionofthesethinsections.Thiscontractionisresisted
bytheadjacenthottermetalandasa resultthecooleredgesare
sub~ectedtosuddentensilestresses.Rapidheatingproducescom-
pressivestressesinthesameareaO.

ObservationsmedeattheNACAMwislaboratoryindicatethat
certaingas-turbinecomponentsfallintensionasa resultof
thermalstressesorfail~tercrackshavebeencausedbythese
stresses.Theseobservationsitiicatethatonecriterionin
selectinga high-temperatureturbinematerialmaybe itsability
towithstandtensilestressesproduced.bysuddenlooalizedmoling
from.anelevatedtemperature.

Previouslaboratoryevaluationsofalloysforhigh-temperature
useinjetengineshaveconsistedIndeterminingstress-rupture,
creep,fat@ue,andcorrosion-resistantproperties.Thefew
attemptsthathavebeenmadetoappraisethethermal-shookresist-
anceofheat-resistantalloyshavegenerallybeenofa qualitative
nature.Anexigencyexistsfora standardmeansofevaluatingthe
susceptibilityofgss-turbinematerialstocrackingcausedby
thermalshook.

l?he@mary-”purposeoftheinvestigationreportedhereinwas
toevaluatetherelativeresistanceofsixhigh-temperaturealloys
tothermal-shockcracking,whichhereinafteriscalledthermal
cracking.

Thethermal~operties,coefficientaPLLneararpanslon,
themalconductivity,andspecificheat,havebeenameptedas
factorsrelemnttotheabtlityofmaterialstoresistthermal
shock(references1 and2). Experimentalevaluationofthermal-
shookresistanceshouldmakepossiblea comparisonoftherelative
importanceofthermalandmechanicalpropertiesindetermlnhg
thermal-cracklngresistanceofalloys.Impactstrengthaswellas
tensilepro~rtiesareconsiderdbecausethemannerinwhichthe
temperaturegradientisinduoedresultsinratesofloadingcon-
siderablygreaterthanthoseencounteredinnormaltensiletests. .

.
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Thesixeastalloysinvestigated,S-816,S-590,Vitallium,
422-19,X-40,ad Stellite6,havebeenUS* orconsideredforuse
ingas-turbineandotherhigh-tmperatureapplications.Thealloy
specimenswereuniformlyheatdto1750°F andthenstressedby
producinga thermalgradientwitha controlledwaterquenchat45°F.
Bothspecimencrackinganddeformationprdzoedbythermalshock
wereinvestigated.

Metallurgicalexaminationsofthealloysbeforeandafter
thermal-shockcyclingweremadetoiLeterminetheqannerofpropa-
gationofthecracksanatheeffectoftheshockcycleonthe
structureofthealloys.

APPARATUSm PROCEDURE

Resistancetothermalcrackingwasdeterminedforthefollow-
ingcastalloys:s-816,s-590,VitKLIium,422-19,X-40s~
Stellite6. Thecompositionsofthesealloys,= aete~inedfr~
chemicalanalysisoftestspecimensthathadfailed,aregivenin
table1. Allsmcimen8mea inthisinvestigationwerecsstat
thislaboratory.Theshapeandtheahnensionsofthespecimens
,selectedareshowninfigure1. Thisdesignwsachoseninorder
toproviaea concentrateionofthermalstressesduringthecooling
or quenchingphaseofthecycle.Quenchingonlythdsmtrical
edgeofthespecimenproducesa largetemperaturegradientbetween
thisedgeandtheunquenchedbaaeofthespeoimen.Thethermal
stressesresultingfrcmthetemperaturegradientarelargestin
thesmallcross-sectionalareaofthequenchesedge.Thisedgeis
thereforemostlikelytocrack.A finiteedgewidthof1/32inoh
wasselectedinpreferencetoa knifeedgeprincipallytominimize
theeffectoxidationmightcontributetofailureoftheeilge.

Thequenching~p~atus(ftg.2)wassoaesignedthatthe
narrowedgeofthespecimenwasquenchedina streamofwater,the
flowrateandtemperatureofwhichwerecontrollable.Inorderto
minimizeLestconductionfromthespecimentotheholaer&uring
quenching,thespecimenwassupportedinsuch amsnnerthatline
contactwasestablishedbetweentheholaerandthetwocurvedsises
ofthespectien(inset,fig.2). Verticaladjustmentofthespeci-
menholaerwasPovidedbyfourmachinescrews,whichalsoserved
asrigiasupportsfortheholaer.Misallnementofthespecimen
withtheholderwasnegligible.
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Theessentialfeaturesoftheflowsystemthroughwhichthe
quenchingwaterflowsareaisoshowninfigure2. Tapwaterenters
atthebaseofthequenohingtank,passesthrougha coolingcoil,
andentersthebaseofthequenchingtrough.A horizontalbd’fle
abovethewaterinleteliminatesturbulenceandassuresa uniform
overflowofwateralongtheentirelengthofthetrough.The
quenchhgtroughIsequippedwithadrainateachend;thesedrain-
ageltnesareclosedduringthe“quenchingoperation.

Thefbwrateofthequenchingwateriscontrolledbya
pressure-regulatingvalveplacedintheinletlineofthequenching
tank.Theflowrateismeasuredbyclosingthevalveinthe
quenohing-troughdrainandmeasuringtherateofflowofwater
fromthesamplingtube.Theflowrateselectedforthequenchwaa
thehighestatwhichthelevelofwaterabovetheedgeofthetrough
wasuniform.Higherflowratesresultedinanunevenor bubbling
flowofwaterfromthetrough.Thelevelofthespecimenholder
wassoad~ustedthatthesymmetricaledgeofthespeoimenjust
contaotdthewater.

Temperatureofthequenchingwaterwascontrolledbymaintain-
inga constanttemperatureinthebathinwhichthecoolingcoil
islocated.Thetemperatureofthebathwaaadjustdbyadding
solldcarbondioxideasrequired.

Thespecimens,placedinV-shapedgroovesnotohedina soft
refractorybrickrestingontheheerthofthefurnace,wereheated
ina smallwire-woundresistancefurnace.Specialtongs,which
grippedonlythebaseedgesofthespecimen,wereusedtotransfer
thespecimensfromfurnaoe toquenchingtrough.

Selectionofexperimentalconditionstobeusedinthethermal-
shockcyoleswasbasedonconsiderationof’thefollowtngobjectives:

1.Simulation,asnearlyas~sslble,ofconditionsthatmight
beencounteredinaircraft-enginecomponents

2.Attainmentofcundltionssufficientlyseveretoinsure
failurewithina reasonabletimepericd

3.Avoidanceofhighfurnaoetemperaturesinotiertoprevent
excessiveoxidationandchangesinthemicrostructureofthealloys

Onthebesisoftheseconsiderations,a furnacetemperatureof
1750°Fwss chosenfortheheatingcycle.Temperaturesinthis
rangemaybeencounteredforshortperiodsoftimeingas-turbine

.

.
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bladesduringacceleration.Aninertatmspherewasnotusedin
thefurnace,whiohfurtherstmulatedengineoperatingconditions.
Intheproceduredeveloped,thespecimenwasheldata furnaoe
temperatureof1750°1’for1hourtoinsuretemperatureequilibrium
throughoutthespectien.Attheendofthis perid, the sPec~~
wassippedinthespeoialtongsandtransferredtothespeoimen
holder.Thequenching-troughdrainvalvewasinunediatelyclosed.,
causingthe.tier toriseovertheedgesofthetroughontothe
narrowedgeofthespeoimen.Thetemperatureoftheq,uemhtig
waterwascontrolledat450+20F andtheflowrateat680+1Oc~bic
centtietersperminute.

Whenthespecimenwascool,ftvesremvedfra theholder,
theoxidefilmwascarefullyremvedfromthensrrowedge,andthis
edgewasmicroscopicallyexainedforcracks.Beoausecraokpropa-
gationwasnotIdenticalforallthealloys,an=bitrarycriterion
forfailurewasdefineaaspresenoeofanopeningthatextended
aorosstheenttrewidthofthequenchededge.Insomespecimens
craokeprogressedslowlyaorossthewidthoftheWge,whereasin
othersoracksextendedaorosstheentirewidthassoonasthey
originated.C@ing ofthespectmenswascontinuedafterfailure,
asdefined,toinvestigate13efo-tionresultingfromthermal
cycling.Thenumberofcompletecraokspresentaftereachquench
cyclewas observed.

Inadditiontocausingcraoking,thermalstressescausedwarp-
ingofthetestspecimens(fig.3). Inordertodeterminerelattve
resistanceofthevariousalloystosuchdeformation,measurements
ofthedistortionweremadeaftereverytwoshockcycles.Dis-
tortionwasdeterminedbymeasuringtheheightofthese~nt
formedbythebaseofthespeoimenandthelineconnectingitsend
points. Suchmeasurementsweremadeonanopticalcomparatorto
anaOCtWaOy of 0.0001Inch.Percentageelongationwascalculated
fromthemeasureddeformationatthetimethefirstcanpletecrack
appeared.

E thermaldtifusivityofalloysis to beoalculatecl,the ‘ ,
specificheatmustbeknown.Becausespecific-heatvalues forthe
alloysinvestigatedwereunavailable,cliffusivityvaltzesat3000F
wereexperimentallydeterminedusingthemethodofForbes(refer-
ence3). Validityofthemethoiwascheckedusingoxygen-freehi~-
conauctivity copper,WE 1020steel,and347stainlesssteel.
Valuesofcliffustvitycamputedfrqnthemsnufaoturers’datafcm
thesematerialswerehigherthantheex~rimentallydete?mind
valuesby8.0’percentforthecopper,9.4percentforthe1020steel,
and6.5percentforthe347stainlesssteel.Theerrorin
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experimentallydeterminedcliffusivityvaluesisnotonlyconsistent
butlessthanthepercentagevariationinreportedvalues fen?
coefficientoflinesrexpension.Inasmuchasthevaluesofboth
diffusivityandcoefficientoflinesrexpansionareusedInone
equation,whtchrelatesphysicalpropertiestoresistanceto
thezmalcracking,theaccuracyoftheresultsobtainedfromthe
equationwillnotbe impairedbqcauseoftheerrorsindlffusivtty.

Uponcompletionofthethemal-crackingexperiments,ametal-
lurgicalamminatlonofthefailedspeck.-wasmade.Thespeci-
mensweresectionedandexaminedusingstandardmetallographic
procedures.In@icular, studiesweremadeofgrainsize,
locationofcrackswithrespecttograinboundaries,andchanges
inmicrostructureresultingfromrepeatedheatingaticooling.

KESULTS

A tabulationofcyclestofailureforallthespecimens
observedispresentedintable11inorderofdecreasingresist-
anceofthealloystothermalcracking.Figure4 presentsthe
deformationsofthevariousmaterialsthroughsuccessivecycles
andfigure5 ~esentsa comparisonofthethermal-shockdefor-
mationcharacteristicsofthesixalloys.Thedeformationper
cyclewasfoundtodecreasewithsuccessiveshock.cyclesandto
varyconsiderablyamongthealloys.

Thecraoksformastheresultoftensilestressesappliedat
a veryhighrateofloadingduringthequenchportionofthecycle.
Thecracksoriginateatanedgeofthequenchedsurfaceandpro-
@essacrossthesurfacewtthrepeatedcycling.Thenumberof
oyclesbeforecrackingstartsIsgreaterendtherateofcrack
progressionissmallerforthematerialshavingsuperiorresistance
tothermalcracking.

Metallographicexaminationaftercyclingrevealedthatthe
specimensallhadapproximatelythesamegrainsize- vaqying
froma coarsesizeM 100~r squareinchatthecenterofthe
specimento1600persquareinchatthequenchededge.Although
someevidencewasfoundindicatingthatincertaininstancesa
craokinitiatedata grainboundary,thecrackswerepredominantly
transcrystallineintheirpropagation(fig.6). U general,the
structuresofthevariousmaterialsweres~lar, consistingof
camplexcarbidesina solid-solutionmatrixwithvaryingemounts
of agingprecipitate.

.
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DISCtESIOl!?OFRESULTS

Withtheapparatusandtheevaluationproceduredeveloped
duringthisinvestigation,theresistancetothermalcrackingof
heat-resistantalloysmaybedetermined.The~rocedurefacilitates
obtainingthefollowing:

1.Goodreproducibilityofdataresultingfromeasilycontrolled
Conditions

2.A largevariationincyclestofailureforclifferentalloys
permittingreadydeterminationofrelativeresistancetothermal
cracking

3.Deformationdatathatcanbeusedforccmrelationwith
thermalandphysicalproperties

Thecompositecurvesofdeformation(fig.5)gf~eanindi-
cationoftherelativeresistanceofthealloystodistortioncaused
bythermalstresses.Thebehaviorofthematerialsisconsiderably
different:S-590endS-616showthemostdeformationpershock
cycle,Vitallimand422-19anintermediateamount,andX-40and
Stellite6 theleast.Althoughalloy422-19hasa deformation
magnittiesWlar tothatofVitallium,theaverage numbera?cycles
tofailurefor422-19isaboutthesameasforX-40.Thecurves
arenonlinesrforallthematerialsandttiicatethatinitialshock
cyclescausemoredeformationthanensuingshockcycles.A possible
explanationoftheconcavityofthecurvesisthattheyield@nt
ofa metalisraistibythestrainhardeningthatresultsfrom
ayplhdthermalstress.U@n repetitionofthesme thermalstress,
lessplastfcflowwouldbeexpectedinthemetalbecauseitthen
hesa higheryieldpoint.Thel-hourheattngperi~at1750°F
durtngeachshockcyclemay,however,annealanappreciableportion
ofthestrainhardening.At%era fewcycles,X-40andStellite6
suddenlyfailedanddidnotappreciablydeformwhensubjectedto
additionalcycles,~obab~ indicatingthatfurtherapplicationof
thethermalstressesresultedh extensionofthefracturewithout
furtherplasticdeformation.

Actualelongation of thenarrowedgeattimeoffailurewas
calculatedfromthedeformationmeasurements.Incalculatingthe
elongation,thespecimenwsaassumedtobewarpedasanwc ofa
circle.Thisassumption=justifiedbycampsrisonsofthecurva-
tureoftiespecimensonanopticalcomparatoragainsta circleof
suitableradius.Calculationsoftotalelongationattheswface
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failureshowedthattheelongationwasinall
havebeenexpectedina room-temperature

tensiletest.Thisapparentloweringofductilitymayresultfrom
thehigherrateofloadingofthethermal-shockcycles.

l’romanexaminationoffigure7,thematerialsthatshowthe
greatestelongationatfailurealsoresistthegreatestnumberof
cyclesbeforefailure,indicatingthata relationexistsbetween
shockductility(theabilitytodeformundersuddenloads)end
resistancetothermalcracking.

Thefactorsthatmaycontributetothethemal-cracking
resistanceofamaterialmaybeamad intotwoclasses:thermal
andmechanicalyoperties.ha previousinvestigation(referenoe1)
oftheeffeotsofa temperaturegradtentresultingfromthesudden
coolingofa uniformlyheat~body,theequation

(1)

wasdevelopedfromtheassumptionthat flt/dx03lfi andfromthe
equation E = stress/strain.

ThesymbolsusedInequation(1)and.thesubsequentdiscussion
aredefinedasfollows:

c heatcapaoity,(Btu/(lb)(%’))

dtjdx thermalgradient

E YOUng’S-UhlS, (lb/sqh.)

Ed ductilitymodulus,(lb/sqin.)

~2 diffusivity,~, (sgftk)

K constant

k thermalconductivity,(Btu/(hr)(sqft)(%/ft))

n numberofcyclestofailure

r’ coefficientofdetermination

‘t tendencytobresk

.

.
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t temperature,(%’)

x distancefromsurface,(in.)

a coefficientoflinearexpansion,((in./in.)/%)

P density,(lb/cuft)

% elongationattimeoffailure(breakingstrain),(in./in.)

.

.

a stress,(lb/sqin.)

‘b breakingstress,(lb/sqin.)

Fornotiuctilematerialsthatbreakwithout
plasticdeformation,theequation~ = E% was
equation(l)inthefollowingmanner:

appreciable
combinedwith

(2)

Intheinvestigate.onreportedinreference1,a correlationwas
foundtoexistbetweenSt and a/liZbfora numberofceramic
bcdies.Thesameequationt?anbeconsideredtoapplyto~ter~als
thatshowsomeplaaticductllttybeforefaihrefromthermalshook
iftheconventionof“ductilitymcdulus”(reference4)isused.
Thisconventionstatesthattheductilitymodulus~ isequalto
ultimatestressdividedbybreakingstrain.Theparametera/hZb
eonsistsofa thermal~opertyfaotora/h anda mechanical
factorl/~. Figure7 isa plotonlog-logcoordinatesof 1A
againstcyclestofatlureforthesixmat alloysandfigure8 L$
a s~1~ plotOf O@b 8$ain8tGycl@tof~l~e. Fromthese
twoftgures,usingstandardstatisticalmethods(reference5),the
liqesofregressionwerecomputed~ pldted,andthecoefficients
ofdeterminationwerecalmlated.Thecoefficientofdetermination
r2 isameasurecfthevarianceinoneoftwovariablesthatis
associatedwiththerelationbetweenthetwovariables.A valueof
r2 of1.00indicatesperfectsasociationofonevariblewith
another.Itwasfoundthatfor n aeinst l~b#

!!r . 0.953d
for n againsta%, r2= 0.963.Thisapproachtounityin
valuesof # indicatesthatinbothcasesa straight-lineplot
ona log-logscale& n against either1/Zb or a/hZb ti
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justifiable.Theagreementalso
incorrelationbetweenn and
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indicatesverylittleimprovement
l~b withtheintroductionofthe

thermalfactoru/h totheindependentvariable.

Itmaythereforebeconcludedthatknowledgeofthethermal
properties,coefficientofltnearexpansion,thermaloonductivlty,
endspecificheatisunnecessaryindeterminingtherelative
thermal-crackingresistanceofthealloys.A plotOf l/~b
againstn (fig.7)defineswitha highdegreeofaccuracythe
reeistancetothermalcracking.Thevaluesof h end a usedand
thesourceofthe a valuesexelistedintableIII..F’orqualita-
tivecomparism,equtio~weredevelopedfromthedataintables11
andXIIforcyclestofailureasa functionofthereciprocalof
theelongationatfailured ofthethermalconstanta/h tties
thereciprocalofelongationatfailure.Theequations,X deter-
minedbythemethdofleastsquares~are

-1.318
n=

(~)
4L98 1

and
.

-1.370
n=

(%)
0.002&

h

Althoughthemagnitudeofthestressescausingfailureofthese
specimensisunlmown,a qualitativeexplanationofcrackformation
endprogressionmEVbepostulated.WhentheedgeIssuddenly
quenched,ittendstoc~tractrapids.~is Contritionis
restrainedbythethickerportionofthesPcimen,whichisstill
atanelevatedtemperature.Thestressessetupbytheseopposing
forcesexceedtheyieldpointofthematerialandplasticflowof
thenarrowedgeresults.Althoughthehottermetalunderlyingthe
narrowedgehasa loweryieldpoint,thestressesarenot so con-
centratedinthisregionbecauseofthelargercross-sectionalarea.
Plasticflowofthenarrowedgetendstorelievethestressesin
this~ge butleavesitelongated.Astherestofthespecimen
cools,itcontractsinenattempttoattainitsoriginalsize,but
thiscontractionisrestrainedbytheelongatednarrowedgeand
thespecimen
theultimate
willresult.

warps.E’thestressesinthe
strengthatthetemperatureof
Inmostcases,cracksstarted

quenchededgeexceed
theedge,cracking
attheintersections

.

.
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of’thequenchedsurfaceandthecurvedfacesofthespecimenand
workedgraduallyacrossthefaceoftheedgeduringsuccessive
cycles.Veriousstagesofthisprocessareappsrentinfigure9.

The@eatestrateofcoolingandthereforethemostdrastic
shockconditionserefowi alongtheintersectionsofthequenched
surfaceandthecurvedfacesofthespecimen.Thisfactorcom-
binedwiththepresenceofverysmallroughspots,nicks,andother
flawsthatcemactesstressraisersresultsintheformatimof
smallcracksatthesecorners.Withrepeatedcycling,thesecracks
becomelargeruntiltheyprogresscompletelyacrossthequenched
edge(fig.9).

Whenthe relation betweenthe thermal-crackingresistanceand
themechanicalpropertiesofa materialisconsidered,itisneces-
saryfirsttoanalyzethenatureofthestresseffectsproducedin
thethermalshook.Thesuddenproductionofa temperaturegradient
ina materialrapidlyproduceshighstresses.Therateatwhich
thesestressesareproducedismuchhigherthanthoseencountered
innormaltensile-testingprocedures.Thethermalstressesso~o-
ducedcauserapiddeformationandfinalfailurebycracking.The
natureofthecrackpropagationinthisinstigationwassuch
thatsfterthecracksbegan,thestressededgeofthematerialcan
beconsiderednotched.Thethermal-shockevaluationthereforecon-
sistsofrepeatedrapidapplicationsofload,whichproducestresses
thatareincreasedbya notcheffectasthespecimensapproach
failure.

Becausethenatureofthethermal-shockcycleissuchthatthe
edgeisnearbathtemperaturewhiletheheavyPrtionofthespeci-
menisnearfurnace temperature,itmaybepostulatedthatthe
failureoftheedgeoccursatapproxhnatelyroomtemperature.If
thisassumptioniscorrect,itwouldbeexpectedthata room-
temperaturetestthhtapproxinwtesthestressccmditionsin
thermalshockcouldbecorrelatedwiththethermal-crackingresist-
anceofamaterial.Ofalltheroom-temperaturetests,theimpact
testmostnearlyresemblesthethermal-shocktestbecauseofthe
hi@ rateofloadingandpresenceofthenotcheffect.Theimpact
testshouldthereforeyielddatathatcanberelatedtothermal-
crackingresistance.TablesIIand111indicatethat,ingeneral,
thealloyswiththehighestimpactstrengtharethosethathave
thegreatestthermal-crackingresistance.Theimpactstrengthof
analloymaythereforebesomeindicationofitsthermal-cracking
resistance.
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Theresultsofthemetallurgicalexamination-icatedthat
thealloysweresimihzringrainsize.Allthealloysagedduring
heating,theamountofprecipitationincreasingwithincreased
timeattemperature.Thecracksweregenerallytrenscrystalline
inpropagationandIttherefcmeappearsthatgrainsizeisan
unimportantfactorindeterminingtie’kmal-crackingresistemce.
Perhapsthemostprobablereasonforthedlfferencesamongsamples
ofeachalloyistheranlcanorientationthatispresentincast
coexse-grdnedalloysofthistype.Becauseallthealloysare
simllarintheirstructuralbehavior,theorderofmeritobtained
inthisinvestigationtightapplyatlowerevaluationtemperatures,
thatis,onlythemagnitude(number& cyclestofailure)ofthe
thermal-crackingresistanceofeaohalloywouldchangewithtem-
perature.

SUMMARYOFRESULTS

h investigationwasconductedtodeterminetherelative
resistanceofsixcastheat-resistingalloystothermalcracking
causedbyrepeatedthermalstresses.

Theorderofdecreasingresistancetothermalcrackingof
speoiallydesignedalloyspectienswasS-816,S-590,Vltallium,
422-19,X-40,andStellite6. Thematerialswiththegreatershock
ductility(theabilitytodeformundersuddenloads)survtvdthe
greatermmberofshookcycles.Toofewdata,huwever,wereavail-
ableforaccuratequantitativestatmentoftherelation.

Materialehavingsimilarthermalproperties(coefficientof
llnearexpansion,thezmalconductivity,andspecifioheat)were
showntohavewidelydifferentresistancestothermalshock.

Metallurgicalexaminationc&thealloystructuresanda study
ofthenatureoforaokpropagationledtotheconchsionthat
structuralcharaoteristlosofthealloyswereinsignificantIn
definingresistancetothemalcraoking.

TheUmltedavailabledataonnotchimpactstrengthofcast
high-temperaturealloystndioateda possiblerelationbetweennotch
impactstrengthad resistancetothermalcracking.

LewisFlightPropulsion Laboratory,
NatfonalAdvisoryCommitteeforAeronautics, .

Cleveland,Ohio,July22,1949.
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TA6LIEI - COMPOSITIOIVOFAZLOYSEECIMENSASDENRWNED

BYOmMIcmlAlfALYsEs

Alloy
S-816
S-SW
Vitallium
422-19
X-40
Stellite6

CICr

L003018.06.3119.17
.3 2’?.0
.4 25.4
.5 25.1
.9328.6

rJi co Mo w m Fe Si
20.8043.804.073.743.51 2.72---
20.3219.654.273.823.8025.39---
2.7 61.1 5.8 --------1.5 ---
15.649.1 6.3 --------1.3 ---
11.254.2 ----7.6 ---- .6 0.3
.5 62.2 ----5.4 ---- .7 .3

Alloy
S-81.6

S-SW

vltdmlnl

422-19

f

PX-40Stellite6

3pedlnenCyclestofailure
A 86.
B 104
H 105
A 34
D 34
E 36
D 24
w 30
VI 6
v~ 6
v 8

A 7
B 6
D 7
H 7
B 2
D u
E 4
G 2
Q 2
u 2

.

*

!!

.
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TABLEIII - HH’81CALEROPERTXB W AIWYS INVISTIGA!I!Q

Alloy Cmrfl.ofent!mf’fUaivity ‘lkmsi.lestrength Percente43e(alarpyV-no’toh
d llllear(SQft/br) (1./sllin.) elongation ilnpaot g
~ion in2inohes

:~y,
*

frm 7@ to duringroc4n-
1600°F temperature (f%-lb) S!

((ln~.) “tensiletest
N
o

700E lmoo 3’ w+

s-816 ‘%.owlo+ bO.16 ‘loo.Oxloa ‘5 b~e4.7
fe.53 %12 .0 ‘6.0
%.6’0
d9.4

s-590 8g.2ox@ bo.16 b~e3.2
a9.22
‘9.20

Vitallillm ‘8.72x10-6 bo.22 CIO1.3XI.03 a71.o~$ dlo e.9
%01.3 f86.2 08.2
allo,Q f8.2

422-19 ‘8.54x10-6 bo.20 ’98.M03 d58.3xlo3 a5.o %.5
fe,~ 098.1 C59.9 05.0

f~o~ f5.o

X-40 ‘%l.78XLo-6 bo.19 clol.oxu$ ’76.8X.$ % *.3
68.86 ‘101.O ‘80.1 %.o

Stielllte6 f@8.45xlo-6 ~o.19 f&05.4xlo3 :;~;.mlos ::? @2.4
) 03.4 , ●

%fWenoe 6.
/

%?qerlreentallyd.etenninadat IMCA MS laboratory.
‘Ref’erenoe7.
dReferenoe8.
‘Ihg&s held 21 hr at 172@ F ed alr-oml.ed.
‘Mm@kdmrer !sdata.
~Reference9.
‘Data reportd for alloy61.
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~Quenched edge

~“’radius
Figure1.- Specimenfordetermining
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Figure2.-Appwatueforquenchingthermal+hookspecimens.
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I C-24676

11-18.49

Figure3.-Specimenafterrepeatdthermal+hookqwlea.170teourmture~umd by
thermalstreee.
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Thermal-shock cycle

(c) Vitallium. (d) 422-19.

F@ure 4. - Centimed. %formation “~oduced in apecimena by thermal “shock.
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(a) S-616. Alloy matrix coateddag (b)S-560. Auoy maiwhContalldngpri-
maryosxbidesin~lttlc-t~ disper-
eiczlandfinepreoipltate. X150.

(0)‘ritalllura.Geneml.cexbidepre-
dpltaticm end pferenthl. po@i-
tation along(sryeitsxkgraphiuplenea.
Xso.

(d)422-19.Primarycarbideewithheavy
agglomeratedprecipitate.X250.

C-24832
12-6-49

Figure6.-Mcrostruotlly2q0?alloysinvicinityofCraolm. (vE&ylngmagawfoatione
usedtorevealnatureofaaok propagation.) Eleotrolytloallyetchedin10-peroent
I@roahbrioaoidinetil@aloohol.
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NACATN 2037

(e)X-43. ~ carbidesuithheaw aggkmeratetlprec-ipitate.
xlml .

v
C.24833
12-6-49

F@z’e6.-Conclwid. Microaticturescf811OYSinvi~inityofcraolm.(Vexylngmaglll-
ficatlonawed torevealnatureC&crawpro~etfon.) ElectroQtLcallyetchedin10-
percenthydrochloricadd inethrlalcohol.
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Figure 7. - Relation of reciprocalof elongationat failure to thermal-crackingresistance.
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Figure S. . Relation of reciprocal of elongation and thermal properties to thermal-crackln&
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